Oilfield A is a fractured buried hill reservoir in Bohai bay of China. In order to solve the difficult problem of water flooding timing and method in oilfield. Considering the characteristics of the buried hill fractures with stress sensitivity and strong heterogeneity, the ECLIPSE software was used in the research, and a three-dimensional injection-production numerical model for horizontal wells in buried hill reservoirs is established. According to the main research factors in water flooding, a series of water flooding schemes are designed, and the optimization of water flooding timing, oil recovery rate and water flooding mode in buried hill reservoirs were carried out. The results show that the optimum pressure level of fractured reservoir is about 70% of the original reservoir pressure. The optimal water flooding method is the conventional water flooding in the initial stage, when the water cut reaches 80%, it is converted into periodic water flooding. The oil recovery is the highest when the water injection period is 4 months. Field tests show that conventional water flooding is carried out in the initial stage of the oilfield A when the pressure is reduced to 70% of the original. Periodic water flooding is carried out when water cut is 80%. Good development results had been achieved in the 10 years since oilfield A was put into production. The average productivity of single well reached 300 m 3 /d in the initial stage, at present, the water cut is 60%, and the recovery degree is 18.5%, which is better than that of similar oilfields. This technology improves the water flooding effect of blocky bottom water fractured dual media reservoirs in metamorphic buried hills, and provides a reference for the development of similar reservoirs.
Introduction
Fractured reservoirs have the characteristics of crack development, strong heterogeneity, complex reservoir and seepage laws, which make it difficult to develop such reservoirs [1] - [8] . Stress sensitivity exists in fractured reservoirs. Because of the existence of stress sensitivity, with the decrease of formation pressure in the development process, the volume of matrix and fracture is reduced, and the seepage capacity of fractured reservoir is reduced accordingly. How to effectively control the influence of this unfavorable factor on development effect is the key to formulate development strategy [9] - [15] . At present, worldwide scholars have studied the porosity and permeability of fractured reservoirs with effective stress and stress sensitivity evaluation methods and standards through rock stress sensitivity experiments [16] - [22] . However, there are few studies on stress sensitivity and water injection timing and mode in fractured reservoirs. Therefore, this paper takes oilfield A fractured reservoir in Bohai bay as an example. The reasonable water injection timing and mode of fractured reservoir in the presence of stress sensitivity are studied by reservoir numerical simulation technology. It will ultimately guide the actual production of the mine.
General Situation of Oilfield
The metamorphic buried hill fractured reservoir in oilfield A is located in the mid-north section of Liaoxi low uplift. It is the largest metamorphic fractured reservoir invested in Bohai Oilfield at present [23] [24] [25] [26] . The main producing layer is Archean metamorphic buried hill, the buried depth of the reservoir is 1700 -1900 m, and the longitudinal span is as high as 200 m. The lithology is mainly biotite gneiss and plagioclase gneiss, and the reservoir type is pore-fracture. The regional structural fractures are mainly middle-high angle (20˚ -60˚) fractures. The main trend of fractures is northeast-southwest, and the following is northwest-southeast. The fracture density is 0.5 ≤ 3.5 cracks per meter. The porosity of matrix and fracture is 5.72% and 1.08%, respectively, and the permeability of matrix is less than 1 × 10 3 μm 2 , and the permeability of fracture is 260 -900 × 10 3 μm 2 . Its reservoir type is double porosity reservoir with block weak bottom water, and the lithology mainly consists of light gray gneiss and its broken rocks. In the reservoir, water injection wells are spaced near oil-water contact in time, and a new top-bottom interlaced 3D injection-production well deployment mode is formed, that is oil production on top and water injection at bottom. In the early stage of production, depletion development was adopted. After one year of production, the formation pressure decreased rapidly, which confirmed that the bottom water was weak. In order to supply formation energy and prevent fracture closing, it is urgent to carry out reasonable research on water injec-Journal of Power and Energy Engineering tion time and water injection mode to solve the dual contradiction of "pressure maintenance" and "water reduction" in buried hill fracture reservoir.
Research on Numerical Simulation

Establishment of Geological Model
Equivalent numerical model was established by using ECLIPSE software. The model is a media with dual porosity and single permeability, and its grid number is 25 × 25 × 50 = 31,250. The 1 -25 layers of z-direction represent the matrix system part, the 26 -50 layers represent the crack part, and the grid length is 1 cm × 1 cm × 1 cm. There is one injection well at the bottom of the model and two production wells at the top, and they are all horizontal wells ( Figure 1 ).
Research on Reasonable Time of Water Injection and Pressure Maintenance
For fractured reservoirs, it is necessary to supply the formation energy for maintaining high formation pressure and large production pressure difference and preventing cracks deformation and closure, resulting in a decrease in oil production index, usually using artificial energy to maintain pressure in the process of development. The main driving forces in the water flooding process are the water injection pressure gradient, capillary force and gravity. However, for fracture systems and matrix systems, the three driving forces have different effects. For the crack system, especially for the reservoir with high original oil saturation, the main driving force is the water injection pressure gradient in the water injection and oil production process, and its flow condition is in accordance with Darcy's law, and the capillary pressure is small or the capillary pressure can be neglected.
Besides, the water drive efficiency can reach more than 95%. For the matrix system, the water flooding target is the crude oil in the small pores and small cracks of the matrix rock. During the driving process, the primary driving force is capillary force that makes the water in the crack enter the matrix rock, so that the oil in matrix rock can be drained. And the secondary driving force is the flowing pressure gradient between crack system and matrix system. It can be noted that the fractured reservoir has a strong fluid-solid coupling effect in the water flooding process. In order to reduce the permeability and oil well productivity loss caused by the formation pressure drop, low permeability fractured reservoirs can be mined by early or advanced water injection. But, for high-permeability fractured reservoirs, early or advanced water injection is easy to cause violent flooding, which leads to poor development effect. Therefore, it is necessary to carry out reasonable research on water injection time and pressure maintenance.
In order to optimize the timing of water flooding and the ratio of injection to production, the water flooding is started when the reservoir pressure drops to 100%, 90%, 80%, 70%, 60% and 50% of the original pressure, and calculate the relevant parameters such as in the same water cut and the same production period the degree of recovery and the utilization rate of the injected water at different water flooding timings. It can be seen that with the delay of water flooding time, the degree of recovery in the same production period shows a downward trend ( Figure 2 ). This is because, with the delay of water flooding, the reservoir pressure drops. Due to the presence of stress sensitivity, the effective permeability of cracks and matrix decreases, the conductivity of fractures decreases, the production capacity decreases, the production of oil wells decreases, and the degree of recovery of reservoirs decreases. In terms of water flooding efficiency ( Figure 3 ), the water flooding utilization rate is increasing with the delay of water flooding timing. This is because the decrease in oil well production leads to a decrease in water cut in the well and a slower rate of increase in water cut. In the same production period, the pressure level is kept at a low level to improve the utilization rate of the injected water to some extent. Under the same water cut condition, the recovery degree of the reservoir increases with the decrease of pressure level before degassing of the formation crude oil, but after degassing, the degree of recovery decreases. Before the degassing, the pressure level is kept at a low level. Due to the sensitivity of the crack stress, the oil recovery rate is lower, and the matrix infiltration can be more fully exerted, resulting in an increase in the recovery of the well at the same water cut. However, after degassing, the flow resistance of the fluid in the pores increases due to the three-phase percolation, and the porous flow of the oil in the pores become more difficult, resulting in a decrease in the recovery of the crude oil. From the mining life under the limit water cut, we can see that maintaining the pressure level at a lower level will increase the production life of the oilfield to a greater extent ( Figure 4) and reduce the economic benefits of the reservoir. Considering the above factors comprehensively, for fractured buried hill reservoirs, the pressure level cannot be maintained at a high level to ensure sufficient imbibition action and prevent premature flooding of the oil well, resulting in poor development of the reservoir.
It cannot be maintained at a very low level. On the one hand, the three-phase seepage caused by degassing prevents the oil from seeping resistance increase, and on the other hand prevents the crack permeability from decreasing due to stress sensitivity, which in turn leads to a decrease in oil well productivity, and in Journal of Power and Energy Engineering a significant extension of the reservoir development period and reduced the development effect of the oilfield. It is finally recommended that the timing and pressure of the water injection in the oilfield A be kept at an optimum value of about 70% of the original reservoir pressure.
Research of Reasonable Water Flooding Method
Unstable water flooding is a common water flooding method in fractured reser- In order to optimize the best water injection method, three kinds of water injection modes are designed, namely, conventional water flooding, asynchronous water flooding and periodic water flooding. Calculating the oil recovery of each method under the condition that the water cut is limited to 98%, the results are shown in Figure 5 . It can be seen that, compared with conventional water flooding, both asynchronous water flooding and periodic water flooding can improve the oil recovery to a certain extent, And periodic water flooding can improve oil recovery more greatly. But compared with conventional water ter flooding is 1.4 times longer than conventional water flooding. Therefore, in order to improve the oil recovery of oilfield A, it is suggested the water flooding method is turned to periodic water flooding at the later stage of development.
Generally speaking, the earlier the periodic water flooding is carried out, the greater the degree of enhancing oil recovery is. However, it is obviously inappropriate to adopt this method prematurely because periodic water flooding will prolong the development life of oilfields. In order to optimize the timing of turning into periodic water flooding, when the water cut is 60%, 70%, 80% and 90% respectively, the schemes of turning into periodic water flooding are set, and the oil recovery of different schemes are calculated when the water cut reached the limit of 98% respectively. The results are shown in Figure 6 . It can be seen, the oil recovery is the highest when turning into periodic water flooding at the timing of water cut reaches 80%.
The bigger the pressure drop of periodic water flooding method is, the better the effect of increasing oil production is. But if the pressure drop in the first period is too large, the oil production decline in the next period will be increased, and the oil recovery increment per unit pressure drop will be reduced, especially in fractured reservoirs, if the pressure drop is too large, the fracture opening will be reduced or even closed, which will lead to the decrease of fracture permeability and the decline of oil well productivity, therefore, reasonable interval of periodic water flooding is also very important for this method to improve reservoir recovery. Figure 7 shows the relationship between oil recovery and time interval of periodic water flooding in different periods. It can be seen that the oil recovery is the highest when the time interval of periodic water flooding is 2 months.
The main reason is that the time interval mainly affects the speed of pressure drop. For oilfield A, the numerical simulation shows that after adjusting the working system of injection wells, the time of pressure wave propagating from the bottom of injection wells to the bottom of production wells is about 2 months. If the time interval exceeds 2 months, the oil production of production wells will be greatly reduced. Therefore, the development effect is the best when the injection time interval of periodic water flooding is 2 months. Therefore, the optimum water injection period for oilfield A is 4 months, which means water flooding for 2 months and suspension for 2 months in a period.
Application Effect
Oilfield A is located in Liaodong Bay. The main reservoir belongs to Archaean metamorphic buried hill, which is a typical dual medium reservoir. Logging data and core data show that the fracture development degree in the reservoir varies greatly in both horizontal and vertical directions, and the reservoir shows strong heterogeneity.
This oilfield was put into production in December 2009. Blocks (2/7 block and 5 blocks) that are put into production in advance adopt depletion development method in the early stage, production wells presents the development characteristics of high initial production rate but large production decline. After 2 years of production, formation pressure drops to 70% and conventional water flooding was carried out. In 2014, the periodic water flooding field test was carried out for the first time in 2/7 block, interval time of periodic water flooding was 2 to 3 months. Up to now, cumulative oil production is 8.9 × 10 4 m 3 /a and the water cut is reduced by 7.2% in 2/7 block by periodic water flooding.
Conclusions
1) For the fractured reservoirs, matrix system is the major reservoir storage space, and the production of crude oil in matrix system mainly depends on imbibition, increasing the recovery of matrix system is the key to the development of fractured reservoirs efficiently.
2) When the reservoir pressure level of fractured reservoir keeps decreasing to about 70% of the original reservoir pressure, the water flooding development effect is the best. Journal of Power and Energy Engineering
3) The optimum water injection method for fractured reservoirs is conventional water flooding in early stage, and conversion to periodic water flooding when water cut reaches 80%. The period of water flooding is 4 months, including water flooding for 2 months and suspension for 2 months in a period.
